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The aim of this investigation was to establish a Raman procedure for on-site identification of stained glass windows and their deterioration level. A large selection of ancient glasses and modern replica have been analysed with IR and Raman spectroscopy, optical microscopy and EDS. Criteria for in situ Raman measurements of the weathering degree of ancient stained glasses are proposed.
Raman Identification of Ancient Stained Glasses and their degree of deterioration
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INTRODUCTION
The weathering of stained glass windows of ancient churches and cathedrals results in colour changes and in some instances even severe physical damage [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . The environment to which the glass is exposed greatly influences the deterioration rate and even museum conservation wood cases promote the deterioration of glass items [16] . Alteration of the glass is attributed to a reaction between the glass surface and aqueous solutions in a two-stage process [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . The first stage is an ion exchange process between protonic species from the surface liquid and an alkali ion, which is removed from the glass and results in the formation of an alkaline wet film on the surface. This film becomes increasingly alkaline and above pH 9 the second stage occurs, with decomposition of the silica network. As a non-destructive technique, Raman spectroscopy has proved its potential in the analysis of the structure of amorphous silicates [17] [18] [19] [20] [21] [22] . However, a lot of information about the production process still remains written in the sample and non-destructive Raman analysis of the micro-structure (by analysing different positions with a microscopic resolution) and nano-structure (through the analysis of the Raman spectra itself) offers a way to retrieve the information, which assists in the identification and sometimes dating of ancient artifacts. On-site analysis is now possible with the use of portable instruments [18] . Many properties of a glass depend on its chemical composition, which is a result of the kind and ratio of the raw materials used in the batch (mixture of raw materials). All applications in the science, art and technology of glass, glazes and enamels consist out of a controlled modification of the 3D Si-O network by replacement of Si 4+ covalent bonded atoms by non-covalent bonded atoms, hence decreasing the number of Si-O bridges and the connectivity of the network. Consequently, the melting temperature (and the viscosity at a given temperature) decreases. Other physical/chemical properties related to the density and network connectivity (thermal expansion, ion diffusion, reactivity, etc.) are modified accordingly. Direct relationships between the silica content, or more precisely the ratio between the glass-former (chiefly Si and Al -oxides) and the flux (Na, K, [23, 24] ). We will try to establish the Raman signatures of the different types of compositions used in the preparation of stained glasses: sodium-rich (probably prepared from sodium carbonate or other salts) [12] or potassium-rich (most likely prepared from plant ash)
ancient glasses [12] , in order to define a database for on site identification. One sample of each type was selected to use for ionic exchange in boiling sulfuric acid. This technique has previously been used to study the corrosion mechanism of sophisticated glass and glassceramics used in the aeronautic industry [25] , in particular to highlight the diffusion path distribution [26, 27] . Our objective is the quantification the degree of weathering and a better understanding of the glass window deterioration mechanisms.
EXPERIMENTAL Samples
The objects analyzed are listed in Table 1 . A selection of them is shown in Plate 1.
Pieces of stained glass windows were analyzed as received, without any cleaning or preparation.
Ion exchange
Ion exchange was performed in a Pyrex round bottomed flask using concentrated sulfuric acid, with the volume of acid ~100 times the sample volume [28] . We used a sand filled box with a resistor, able to reach 500°C, inside. A glass double tube with water-cooling was used to condense the sulfuric acid vapor. Placing the flask in hot sand rapidly heated the samples, which were then exposed to the treatment process for time durations ranging between 5 minutes and 20 hours. Samples were washed in water 3 times and placed in an ultrasonic device for a few minutes to eliminate any soluble sulfates. as a function of the sample colour, instrument, and wavelength. Backscattering illumination and collection of the scattered light were made using a macro-setting (volume analysed ~ 500 µm) 3 and through an Olympus confocal microscope (long focus Olympus x50, x80 or x100 objective, total magnification x500, x800 or x1000). A systematic examination was made of the glass surface with the x50 objective. Ion-exchanged samples were analysed using the macro setting (XY instrument) and the x100 objective (Infinity instrument); we decreased the size of the confocal hole, in order to reduce the size of the in-depth analysed volume to a few microns. The spectrometer microscope was used to record optical micrographs.
IR spectra were obtained of samples pressed into CsI pellets, using a 980 Perkin Elmer double-beam spectrometer. Pieces were broken off, in order to separate visually, grains made of pristine glass from those made of corroded film and then each part was separately powdered in an agate mortar. A series of samples from the bulk of the material were embedded in a polyester SODEMI H59
Compositions
resin, polished and observed using a Jeol JSM 5600 Low -Vacuum SEM; further analyses of the microstructure were made using a Jeol JSM 840 in order to determine mean glass composition (Link ISIS system, ZAF quantitative correction method). Compositions of glass replicas made in the 21 st century are taken from ref [23] . These K-lime silica glasses, replicating 13 th and 14 th centuries glass compositions of three ancient monuments, were exposed in situ during one year in-field experimentation by VIDRIO, the European programme for stained-glass window conservation [24] .
Peak fitting and data processing
In undertaking a curve fit of the Raman spectra, a linear baseline was first subtracted using LabSpec ® software as previously discussed [29] . We selected a 4-segment baseline:
~150-700, 700-890, 890-1300 and 1300-1700 cm -1 for a reproducible separation of the different components of the Raman signatures. The same spectral windows were used for the extraction of the components using the Origin ® software peak-fitting module (Microcal Software, Inc.). The integral area, the bandwidth and the centre of gravity were calculated for each component using the Q n model [21, 22] . This model allows for a comparison of the glassy silicate nanostructure over a large composition range. A Gaussian shape was chosen for all Raman lines assigned to glassy silicates because of the amorphous state of the examined materials. A Lorentzian shape was used for narrow components. we also postulated 5 bands with similar bandwidths for Si-O bending components iii) one or two narrow bands were added, if necessary, to take crystalline phases into account. Fig. 1 shows representative Raman spectra recorded on the samples listed in Table 1 (photographs in Plate 1). In this preliminary work, we identified 3 types of Raman signatures, referred to as Type 1, 2 and 3 (see Fig. 2 for selected spectra with decomposition of the Q n components and Table 2 for the corresponding Q n and I p values). The signatures of red flashed glass and of silver-yellow painted glass will not be considered here, because of the unique character of the Raman signature of material with a metal nanoprecipitate distribution [30] .
RESULTS Classification
Type 3 glass corresponds to group 6 ("K 2 O+CaO" glass) according to our previous classification of glassy silicates [17, 21, 29] whilst Type 1 and Type 2 glasses belong to group 3 ("Na 2 O+K 2 O+CaO" glass), a group which encompass most of the ancient glasses, e.g. the Phoenician-Roman glasses [31] . Characteristic component wavenumbers and peak areas are given in Table 2 : after subtraction of a linear segment baseline (see refs [22] & [29] for a discussion of the procedure). The Type 3 signature consists in a strong Si-O bending peak at 590-620 cm -1 and a strong broad Si-O stretching peak at ~1080-1090 cm -1 , with a narrow peak at ~950 cm -1 .
The Type 2 signature is rare (only one occurrence, the AM19jaune glass); the intensity of the 950 cm -1 peak is greatly diminished and the main Si-O stretching mode peaks at ~1100 cm -1 .
Additionally, a rather strong peak is observed at ~460 cm -1 . The Type 1 signature is recognizable from the 950-995 cm -1 doublet and the rather large area of the 450 cm -1 band. An additional Type 4 signature is observed in the red copper doped layer of flashed glass with a characteristic strong ~500 cm -1 component and 625 cm -1 shoulder [30] and will not be discussed in this paper.
A group of glass that we refer to as 3bis has a signature, which are similar to the Type 3 signature but with the following obvious differences: the intensity of the 450 cm -1 broad peak is larger and many components are observed. Note that all these glasses exhibit a lot of corrosion dots (Plate 1).
Comparison with the EDS analysis shows that Type 1 glass is a Ca-rich, Na containing silicate, Type 2 glass is Na-rich, Ca-based silicate and Type 3 glass a K-Ca silicate (Fig. 3) . Ion exchange and reactivity of the different glasses and the compositional change is illustrated with the EDS spectra in Fig. 3 .
The motivation in using sulfuric acid attack is to accelerate the exchange of mobile cations The examination of the microstructure (Fig. 6) showed different phenomena. We will discuss only the results obtained on Type 3 samples after 5 minutes and 20 h in sulfuric acid, which is representative of the main features.
After 5 minutes in boiling sulfuric acid we observe a modification of the surface: a lot of cracks are formed in the first 10 µm of the outer surface and then a regular network of microcracks perpendicular to the surface extend to hundreds of microns deep. This kind of crack formation is consistent with glass shrinkage, as observed for many (earth)alkali silicates [25, 26] , due to the loss of K ions (Fig. 3) . The rather regular distance between the cracks perpendicular to the surface arises from a combination of the shrinkage value due to ion exchange and the mechanical strength of the glass. Note that the distance between cracks is about 10 times smaller in the outer surface. This indicates that the composition of the external surface is different from the bulk and/or that the deterioration mechanism was different, according to the two-step behaviour observed on the thickness plotted as a function of the square root of time.
After 20 h in sulfuric acid, six different layers are observed (Fig. 6c) , from the top surface to the pristine glass core:
-a surface layer, in which K + (and/or Na + ) ions has been exchanged by protonic species; this layer is not optically clear anymore. Note that the interface between the opaque surface layer and the substrate is not flat, indicating a large variation in glass reactivity.
-an optically clear layer, with cracks perpendicular to the surface (as observed after 5 min treatment (Fig 6b) , in which fractal animal figures are visible.
-a dark nearly flat interphase is observed, superimposed on a layer with some corrosion pathways and cracks.
-Finally, at the interface with the pristine glass, complex round figures indicate localized modifications, which could be linked to heterogeneity in the composition of the pristine glass.
Examination of the glass surface from the top (Fig. 6d) shows a rather regular crack network made of circle cracks linked by rather linear cracks. Such regular circle distribution can be correlated to an ordered heterogeneity.
IR spectra have been obtained of Type 2 and Type 3 powdered cores and films (Fig. 7) .
Nanostructural changes are evident with the shift of the peak maxima of certain peaks (for example the Si-O-Si mode shifts from 770/775 to 795/800 cm -1 for Type 2 and Type 3 glasses) and the disappearance of many shoulders (e.g. the 950 cm -1 on the main Si-O asymmetric stretching mode). Additionally a weak peak at ~1740 cm -1 is observed in ionexchanged materials, owing to the substitution of alkali ions by oxonium [26, 28, 32] and the compositional changes illustrated in Fig. 3 : see the strong decreases of the Na and K (and Al)
EDS signature in films.
In this preliminary investigation, we limited our Raman analyses to the upper surface. The analysis of the interphase between the homogeneous film and the sound pristine glass will be presented in a further paper. Representative Raman spectra are given in Fig. 8 -a decrease of the intensity of the broad Si-O bending peak (~570 cm -1 ) and of the ~950 cm -1 narrow component.
-a decrease of the Boson peak.
All these changes indicate a modification of the silicate network according to shrinkage and the loss of Na + , K + and to a lesser extent of Al 3+ and Ca 2+ ions.
DISCUSSION
Important results were obtained from this preliminary study Firstly, ion-exchange substitution of K + and Na + ions induced clear modifications of the Raman signature and strong discrepancies are observed between the different types of glass. Obviously the 3bis Type glass corresponds to weathered silicates in the analyzed surface volume, about 10 to 50 µm depth for our conditions . Visual observation of these samples (Plate 1) shows many white pits at the glass surface made of complex carbonates/sulfates as secondary alteration products. Raman data were always collected in areas outside the pits, in the apparently "safe" glass. Then our objective to establish Raman scattering as an on-site measurement technique of the corrosion degree appears to be a reasonable target.
Cut glass cross-sections exposed different layers with both homogeneous and heterogeneous characters. In the future we will try to examine the Raman signature of the different zones, in order to confirm if this behaviour is related to compositional or structural heterogeneity of the original glass. Note that such complex figures of corrosion have been reported for a long time without a clear explanation [6, 9] . It is important to notice that the microcrack network observed at the sample surface (Fig. 6) is less "fractal" that those observed for lithium aluminosilicate glasses in which conducting pathways are tubular [26, 27] . In particular we observe from place to place circular cracks which support compositional and structural heterogeneity (for instance, Na/K/Ca-rich and Na/K/Ca-poor, silica-rich regions, as sketched in Fig. 9 ). Local composition heterogeneity have been already postulated in the Modified Random Network [34] .
The polymerization index of the pristine glasses are rather similar (~0.9, Table 2 ). This is not surprising because whatever the composition of raw materials, glass manufacturers endeavoured to obtain a material that they could prepare in the same range of temperatures (our previous work have unambigously established the strong correlation between the polymerization index and the processing temperature of glassy silicates [21, 22] ). Note the scattering of the value is close to 0.2 for both Type 1 and Type 2 groups. The polymerization index measured for Na/K-depleted glasses is higher (~1.1), according to the loss of alkali ions and of some less connected (SiO 4 ) n entities, equivalent to an increase of the silica content in depleted film. These conclusions are correlated with the EDS analysis and with the increase of the ~450 cm -1 Si-O bending peak. The disappearance of the narrow peak at ~950 cm -1 , assigned to potassium/calcium silicate nanocrystals (the correlation between potassium content and the intensity of this peak was previously noted [35] ) confirms that less connected entities are unstable in acidic environments and that they are not only related to the potassium content but also to the calcium content. Note that the strong and narrow 950 cm -1 peak position is very similar to that of wollastonite, a calcium nesosilicate that precipitates very easily in Ca-saturated glasses and glazes [17] . The relatively small FWHM of this peak was not expected for an usual Q 1 or Q 2 component of a glassy silicate and fits better as a signature of some nano-crystals dispersed in the glass. However, the 950 cm -1 peak is stronger than Raman band intensity, a poorly documented subject. and upwards (IR) shift of the main Si-O stretching peak and the decrease in intensity of the Boson peak, as well as the Raman 580 cm -1 Si-O bending peak. The intensity of the narrow ~950 cm -1 Raman peak, assigned to (earth)alkali nano crystallites in the glassy network, is correlated to the K/Na loss and glass deterioration. Consequently Type 3bis samples are in fact glass of which the surface is depleted of K/Na ions and both the ratio of the ~460/590 and 950/1090 cm -1 peak area appears to be a good parameter to quantify the deterioration degree of stained glasses (Fig. 10) . Optical micrographs show the macroscopic heterogeneity of the ancient glass nanostructure and composition, which supports similar heterogeneity at shorter scale (see the sketch in Fig. 9 ), with preferential "regions" for ion diffusion. In our future work we hope to obtain Raman images of these regions, which would link the optical observations of heterogeneous nanostructures to their chemical composition. These innovative results, which already demonstrate the potential of Raman scattering for in situ measurement of the deterioration degree of ancient stained glass, merits a long term research project.
CONCLUSION

Figure Captions
Plate 1 : Examples of glass pieces studied. Note the corrosion dots of some glasses. Samples have been scanned on their flat surface and cut sections, as well on white and black paper in order to highlight the grisaille and the corrosion dots. Fig. 1 : Representative Raman spectra selected among those of the samples listed in Table 1 . Spectra have been recorded at the sample surface (analyzed depth > 50 µm or more).
Fig. 2
Representative Raman signatures of the three types of stained glass. Baselines have been subtracted following the 4-segment procedure, which eliminates the Boson peak. The signature of red metal particle containing sample (red flashed glass) is also shown. Wavenumber and peak area components are given in Table 2 . other spectra recorded at the sample surface after (10 and) 20 h treatment in sulfuric acid, using macro-setting (analysed depth > 100 µm) ; top spectra have been recorded under microscope to highlight the structure of the outer surface layer (analysed surface from ~10 µm for Type 3 sample to ~2 µm for Type 1 sample). Fig. 2 Representative Raman signatures of the three types of stained glass. Baselines have been subtracted following the 4-segment procedure, which eliminates the Boson peak. The signature of red metal particle containing sample (red flashed glass) is also shown. Wavenumber and peak area components are given in Table 2 . Representative Raman spectra showing the transformation of the pristine glass in the ion-exchanged silicate network; bottom macro spectra: pristine glass, no base line was subtracted; other spectra recorded at the sample surface after (10 and) 20 h treatment in sulfuric acid, using macro-setting (analysed depth > 100 µm) ; top spectra have been recorded under microscope to highlight the structure of the outer surface layer (analysed surface from ~10 µm for Type 3 sample to ~2 µm for Type 1 sample). 
